Increased serum levels of IL-15 are reported in type 1 diabetes (T1D). Here we report elevated serum soluble IL-15Rα levels in human T1D. To investigate the role of IL-15/IL-15Rα in the pathogenesis of T1D, we generated double transgenic mice with pancreatic β-cell expression of IL-15 and IL-15Rα. The mice developed hyperglycemia, marked mononuclear cell infiltration, β-cell destruction, and anti-insulin autoantibodies that mimic early human T1D. The diabetes in this model was reversed by inhibiting IL-15 signaling with anti-IL2/IL15Rβ (anti-CD122), which blocks IL-15 transpresentation. Furthermore, the diabetes could be reversed by administration of the Janus kinase 2/3 inhibitor tofacitinib, which blocks IL-15 signaling. In an alternative diabetes model, nonobese diabetic mice, IL15/IL-15Rα expression was increased in islet cells in the prediabetic stage, and inhibition of IL-15 signaling with anti-CD122 at the prediabetic stage delayed diabetes development. In support of the view that these observations reflect the conditions in humans, we demonstrated pancreatic islet expression of both IL-15 and IL-15Rα in human T1D. Taken together our data suggest that disordered IL-15 and IL-15Rα may be involved in T1D pathogenesis and the IL-15/IL15Rα system and its signaling pathway may be rational therapeutic targets for early T1D.
T ype 1 diabetes (T1D) is an autoimmune disease in which insulin-producing β cells in pancreatic islets are destroyed by autoreactive T cells. During prolonged lack of insulin, blood glucose increases (hyperglycemia) and tissue damage occurs. Studies in animal models and humans demonstrated that β-cell destruction is usually accompanied by inflammation of pancreatic islets (insulitis), which suggests that activation of inflammatory T cells is important in the development of diabetes (1, 2) . What triggers the T-cell infiltrate into the islets and subsequent β-cell destruction? What signaling pathways are important for this process? An understanding of the molecular events and signaling pathways that lead to T-cell activation and subsequent β-cell destruction would be useful in the development of new therapeutics for autoimmune T1D.
Interleukin-15 (IL-15) is a proinflammatory cytokine that promotes the activation and maintenance of natural killer (NK) and CD8 (+) T-effector memory (T-EM) cells (3, 4) . IL-15R alpha (IL-15Rα), the high affinity private receptor for IL-15, stabilizes and chaperons IL-15 on dendritic cell membrane and activates neighboring NK and T cells via transpresentation (5) (6) (7) (8) . Therefore, IL-15 is not secreted; rather, it is a membrane-associated molecule that acts as part of an immunological synapse (5, 6, 8) . During an immune response such as viral infection, IL-15 and its private receptor IL-15Rα are coordinately induced (5, 8, 9) . As related to T1D, it has been shown that exposure of human pancreatic islets to coxsackie virus, an enterovirus linked to T1D, or directly to IFNγ induced high gene expression of IL-15 and IL-15Rα in the islets in vitro (10) .
Abnormal expression of IL-15 has been reported in many autoimmune disorders including rheumatoid arthritis, celiac disease, psoriasis, inflammatory bowel disease, and multiple sclerosis (11) . In patients with T1D, elevated serum levels of IL-15 have been reported (12) . Using a unique assay we developed for soluble IL-15Rα (sIL-15Rα) (13), we discovered elevated serum levels of sIL-15Rα in T1D.
To investigate whether islet overexpression of IL-15 and IL-15Rα could play a role in the pathogenesis of T1D, we generated double transgenic mice with β-cell-specific expression of both IL-15 and IL-15Rα under a rat insulin promoter (RIP). The mice developed hyperglycemia, marked mononuclear cell infiltration, β-cell destruction, and anti-insulin autoantibodies that mimic the early events of human T1D. Inhibiting IL-15/IL-15Rα signaling either by blocking IL-15 transpresentation using TMβ1, a monoclonal antibody that is directed to IL-2/IL-15Rβ (CD122) or by blocking IL-15 signaling by administration of the Janus kinase 2/3 (Jak2/3) inhibitor tofacitinib reversed the diabetes in the double transgenic mice. Moreover, in another diabetes mouse model, nonobese diabetic (NOD) mice, increased islet cell expression of IL-15 and IL-15Rα were found at the prediabetic stage and the inhibition of IL-15 signaling delayed the diabetes development. Considering viral infection and interferons are often found in the pancreatic islets of patients with T1D (14-16), and they are potent inducers of IL-15/IL15Rα (9, (17) (18) (19) , we investigated whether IL-15 and IL-15Rα were expressed in the islets of patients with T1D. Our data demonstrated increased expression of both IL-15 and IL-15Rα in the islets of patients with T1D. Taken together, our data suggest that the disordered expression of IL-15/IL-15Rα in islets may play a role in the pathogenesis of T1D and that the IL-15/IL15Rα system and its signaling pathway may be rational therapeutic targets for early T1D.
Results
Generation of IL-15/IL-15Rα Double Transgenic Mice. Viral infections and interferons are potent inducers of IL-15 and IL-15Rα (9, (17) (18) (19) . Both type I (alpha) (17) and type II (gamma) (18) IFN were shown to be able to induce the expression of IL-15/IL-15Rα. In T1D, several reports demonstrated the presence of either enterovirus (14) or viral protein (20) and IFN (15, 16) in the islets. To investigate whether pancreatic islet expression of IL-15 and IL-15Rα could play a role in the pathogenesis of T1D, we generated transgenic mice expressing IL-15 alone, IL-15Rα alone, and both IL-15 and IL-15Rα under the control of a rat insulin promoter (RIP), which restricts IL-15 and/or IL-15Rα expression to the β cells (21) (Fig. 1A) . Fourteen different lines were obtained for each transgene and their combination. Four IL-15/IL-15Rα double transgenic lines (J4, J8, BB1, and X5) were maintained either by in vitro fertilization (IVF) or by natural mating. Southern blot analysis confirmed that all transgenic mice carried the transgene/s. IL-15 and IL-15Rα expressions in the islets of double transgenic mice were confirmed by immunohistochemistry (IHC) (Fig. 1B) , flow cytometry (Fig. 1C) , and real-time RT-PCR (Fig. 1D) . Eight IL-15/IL-15Rα double transgenic mouse lines (I1, J4, BB1, E7, G10, J8, X5 , and E1) developed hyperglycemia starting from 4 wk of age (both sexes) (Fig. 2A) . The blood glucose levels in these mice continued to increase with time, suggesting continued loss of β cells (Fig. 2A) . The diabetes onset age among offspring of the same line varied. Approximately 60% of transgene-positive J4 offspring mice developed hyperglycemia within 3 mo of age (Fig. 2B) . None of the IL-15 single transgenic mice developed hyperglycemia when euthanized at 12 mo of age. Only one IL-15Rα single transgenic mouse developed hyperglycemia. With this one exception, all of the single transgenic mice (both IL-15 and IL15Rα single transgenic) did not have any abnormal phenotype. This is probably due to the requirement of IL-15Rα to stabilize and chaperon IL-15 on cell membrane and consequently, the necessity of both IL-15 and IL-15Rα expression in the same cell for transpresentation as demonstrated by Mortier et al. (7) and Sandau et al. (8) . As we will demonstrate later, IL-15 transpresentation was very important for the induction of diabetes in this model. None of the transgene-negative littermates developed hyperglycemia.
All IL-15/IL-15Rα double transgenic mice with hyperglycemia demonstrated marked mononuclear cell infiltration in the islets and atrophy of islets (Fig. 2C ). When stained with an anti-insulin antibody, the loss of insulin-producing β-islet cells was evident in the double transgenic mice, whereas glucagon-producing α cells and somatosatin-producing δ cells were intact at the early stage of the disease (Fig. 2C) . The majority of the infiltrating mononuclear (Fig. 2D) . Both CD4 and CD8 T cells were infiltrated into the islets (Fig. 2D) . Few B cells (B220 positive) and much fewer NK cells (CD49b positive) infiltrated into the islets (Fig. 2D) . The double transgenic mice had increased serum levels of insulin autoantibody (IAA) (Fig. 2E ) and IgA/IgG at the onset of diabetes (Fig. S1 ). Moreover, increased expression of proinflammatory cytokine genes (TNFα, TNFβ, IFNγ, IL18RAP, etc.) and chemokine genes (CCL3, CXCL9, and CXCL10, etc.) were found in the purified islet cells from the double transgenic mice before diabetes onset (Fig. S2 , genes with fold induction ≥3). Increased cell surface expression of MHC class I, class II, and ICAM-1 were also found on the purified islet cells from the double transgenic mice before diabetes onset (Fig. S3 ). (Fig. 3A) . Furthermore, a 4-wk continuous infusion of the Jak2/3 inhibitor tofacitinib (CP-690,550), which blocks the IL-15 signaling pathway, also reversed the hyperglycemia in all 10 mice examined (Fig. 3B ). Mice treated with TMβ1 had minimal mononuclear cell infiltration in the pancreatic islets (Fig. 3C ). The majority of the mice treated with tofacitinib had no mononuclear cell infiltration in the pancreas (Fig.  3C ). These data suggested that blockade of IL-15 signaling in the double transgenic mice not only reversed the hyperglycemia but also eliminated mononuclear cell infiltration. Therefore, the diabetes observed in the IL-15/IL-15Rα double transgenic mice was IL-15/IL-15Rα dependent.
Depletion of CD4 Cells at the Onset of Diabetes Reversed Hyperglycemia
in IL-15/IL15Rα Double Transgenic Mice. Autoreactive T cells can play a major role in β-cell destruction (22, 23) . However, recent studies suggested other cell types such as NK or B cells may also be involved in β-cell autoimmunity (24, 25) . IL-15 activates both T and NK cells (26) . To investigate what cells are required for the autoimmunity in the double transgenic mice, we depleted CD4, CD8, and NK cells from the double transgenic mice with new onset of diabetes. Depletion of CD4 T cells with a monoclonal anti-CD4-depleting antibody (clone GK1.5) slowly reversed the hyperglycemia in the double transgenic mice in all 10 mice examined (Fig. 4A ). Histological examination of the mice with CD4 cell depletion showed persistent infiltration of CD3 cells, B cells, and macrophages (F4/80) (Fig. S4) . However, CD8 cell depletion and NK cell depletion had no effect on the hyperglycemia in the double transgenic mice (n = 10, Fig. 4 B and C). The depletion of CD4, CD8, and NK cells in the peripheral blood was confirmed by flow cytometry. These data suggested that CD4 cells were required for the development of the disease after diabetes onset in this model. Interestingly, CD4 cells (or peripheral blood mononuclear cells) from the double transgenic mice could respond to wild-type islets in vitro and wild-type islets were rejected when transplanted into the diabetic double transgenic mice in vivo (Fig. S5 ). This suggested that an immune response toward wild-type islets that have no exogenously induced IL-15/IL-15Rα expression was generated in the double transgenic mice. However, transfer of CD4 or total T cells into congenic wild-type or Rag1-deficient mice did not induce diabetes in the recipient mice. This suggested that CD4 cells (or T cells) alone may not be sufficient to induce diabetes. The blood glucose levels in untreated (black, n = 10) or treated (with CD8 cell depletion antibody) mice (red, n = 10). (C) The blood glucose levels in untreated (black, n = 10) or treated (with NK cell depletion antibody antiasialo GM1) mice (red, n = 10).
Inhibiting IL-15 Signaling at the Prediabetic Stage Delayed the Diabetes
Development in NOD Mice. NOD mice are widely used for the study of T1D where multiple gene loci have been shown to participate in the diabetes development. In NOD mice, IL-15 expression was increased in purified islet cells at the prediabetic stage (27) . We investigated whether IL-15Rα was also induced at this stage. Flow cytometry showed an increase of IL-15Rα expression in purified islet cells (CD45 negative population) at week 10 (16.11%) and week 12 (13.26%) compared with week 8 (3.8%) (Fig. 5A ). We inhibited IL-15 signaling at the prediabetic stage (from week 8 to week 12) using the monoclonal antibody TMβ1, which blocks IL-15 transpresentation. TMβ1 treatment at the prediabetic stage delayed diabetes development in NOD mice (Fig. 5B , n = 25, P < 0.001). This suggested that IL-15 signaling was also involved in the diabetes development in NOD mice. (Fig. 6A) . Interestingly, in two cases where IL-15 was positive, we also detected islet expression of MxA, a GTPase induced by type 1 IFN (α/β), that has been reported to interfere with virus multiplication and spread (28) (Fig. S6) . Furthermore, we analyzed IL-15 and IL-15Rα mRNA levels in the islets from T1D patients, autoantibody positive, and normal donors. The islets were microdissected based on insulin positivity using laser capture microscopy (LCM) (29) . Consistent with the immunohistochemistry results, we found higher IL-15 ( Fig. 6B) and IL-15Rα (Fig. 6C ) mRNA levels in T1D compared with normal or autoantibody positive donors (T1D vs. normal: P < 0.01 IL-15; P = 0.07 IL-15Rα. T1D vs. autoantibody positive donors: P < 0.01 IL-15; P = 0.06 IL-15Rα). Moreover, because IL-15 and IL-15Rα are usually coordinately induced and elevated serum levels of IL-15 have been found in T1D (14), we measured the serum levels of soluble IL-15Rα in T1D using a unique assay we developed (13) . The serum sIL-15Rα levels were significantly higher in patients with T1D compared with those of normal controls ( Fig. 6D , P < 0.001). The average sIL-15Rα level in patients with T1D was 6.18 pM compared with 1.7 pM in normal donors (Fig. 6D) . Taken together, our data suggest that disordered IL-15 and IL-15Rα may be involved in the pathogenesis of T1D.
Discussion
In The pathogenesis of T1D remains elusive even after decades of study. Increasing evidence suggests that both genetic susceptibility and environmental influences are likely to contribute to the disease development. Although the precise etiology of T1D is still unknown, viruses have long been suggested as a potential environmental trigger for the disease. A recent meta-analysis by Yeung et al. showed a clinically significant association between enterovirus infection and T1D (30). Furthermore, rare variants of IFIH1, a gene implicated in antiviral responses, were shown to protect against T1D (31) . Moreover, recent studies suggested a causative role for enteroviruses in T1D (30, 32, 33) . Oikarinen et al. showed that enterovirus RNA positivity during the 6-mo period preceding the first autoantibody-positive sample was associated with increased risk for the development of islet autoimmunity (33) . The study published by Diabetes and Autoimmunity Study in the Young (DAISY) consortium concluded that the rate of progression from islet autoimmunity (islet autoantibody positive) to T1D was significantly increased following detection of enterovirus RNA in the serum in genetically susceptible children (32) . Together, these studies suggested enteroviruses may be involved in both the initiation and progression of T1D. In support of these association studies, clinically, coxsackie B4 virus, an entrovirus that belongs to Picornaviridae family, was found in the β cells in 3 out of 6 recent onset T1D patients (9) . Furthermore, enteroviral capsid protein VP1 was found in islets from 44 out of 72 recent onset patients versus 3 out of 50 controls (20) . As indirect evidence, viral signatures such as IFN, MHC hyperexpression, and CD8 infiltrations were found in T1D (15, (34) (35) (36) . All of these studies suggested an important role for viral infection in T1D. Interestingly, viral infection induced the expression of interferon, which in turn acts on the upstream promoters of IL-15 and IL-15Rα and induces their expressions (17) . Exposure of human pancreatic islets to coxsackie virus, an enterovirus linked to T1D or directly to IFNγ, induced the expression of both IL-15 and IL-15Rα in vitro (10) . Based on these observations, we hypothesized that IL-15 and IL-15Rα may be expressed in the islets in patients with T1D. As predicted by this hypothesis, we detected islet expression of both IL-15 and IL-15Rα in 4 out of 4 patients with T1D ( Fig. 6 A-C) . Moreover, higher levels of serum IL-15 and IL-15Rα (Fig. 6D) were also demonstrated in T1D. Interestingly, in 2 cases where IL-15 was positive, we also detected islet expression of MxA (Fig. S6) , a GTPase that is induced during viral infection exclusively and in a dose-dependent manner by IFNα and IFNβ, but not by IFNγ, IL-1, TNFα, or other cytokines. MxA has been used clinically as a marker for viral infection and has antiviral activity by interfering with virus multiplication and spread (28) .
To investigate if islet expression of IL-15 and IL-15Rα could play a role in the pathogenesis of T1D, we generated double transgenic mice with beta cell expression of IL-15 and IL-15Rα. The mice developed insulin-dependent diabetes with many characteristics similar to the human disease (Fig. 2) . Furthermore, we demonstrated that the diabetes in the mice was specifically IL-15/IL-15Rα dependent because inhibiting IL-15 signaling with TMβ1, which blocks IL-15 transpresentation or by addition of the Jak2/3 inhibitor tofacitinib, which blocks IL-15 signaling, reversed the diabetes in the mice (Fig. 3) . IL-15 is a proinflammatory cytokine that has been described as being at the apex of a proinflammatory cytokine cascade (37) . It has been suggested that IL-15 expression might precede expression of tumor necrosis factor and the downstream cytokines IL-1, IL-6, and granulocyte/macrophage colony-stimulating factor, as well as the proinflammatory chemokines CCL3 (MIP-1α), CCL4 (MIP-1β), and CXCL8 (IL-8). We tried to define the molecular mechanisms that underlie the IL-15/IL-15Rα-induced autoimmune diabetes in the double transgenic mice. We found increased gene expression of both proinflammatory cytokines and proinflammatory chemokines in the islets before the diabetes onset, which suggested ongoing inflammation long before the disease onset (Fig. S2) . Moreover, there were hyperexpressions of both MHC class I, class II, and the adhesion molecule ICAM-1 on the islet cells, which could greatly enhance islet antigen presentation to the infiltrating T cells (Fig. S3) . These events could eventually lead to autoimmune diabetes. Collectively, our data suggested a causative role of islet expression of IL-15 and IL-15Rα and T1D development in mice. Although what exactly induced the islet expression of IL-15 and IL-15Rα is still unknown in human T1D, the murine data would suggest that IL-15 and IL-15Rα may act as downstream mediators to induce diabetes development in humans.
Studies in human and in animal models suggest that T cells are the primary effector cells in T1D (22, 23) . Recently, a number of studies suggested that B cells and NK cells might also contribute to the beta cell loss (24, 25, 38) . IL-15 is a growth factor for both T cells and NK cells. In vivo administration of IL-15 induced expansion of circulating NK and CD8 central and effectormemory T cells (39) . It would be logical to suggest that both NK and T cells might contribute to the beta cell autoimmunity in the IL-15/IL-15Rα double transgenic mice. However, we did not observe NK cell expansion in the peripheral and pancreatic lymph nodes in the double transgenic mice. Only very few NK cells were found in the infiltrating lymphocytes in the islets (Fig.  2D) . Moreover, depletion of NK cells with asialo-GM1, which impacted both NK and CD8 T cells, had no effect on the diabetes development in the double transgenic mice (Fig. 4C) . Therefore, NK cells were not likely to play a major role in the beta-cell autoimmunity in the double transgenic mice. On the other hand, T cells and macrophages were the dominant cells that infiltrated into the pancreas in the double transgenic mice (Fig. 2D) . To determine which cell types are required for the disease development after the diabetes onset, we depleted CD4, CD8, and macrophages in the double transgenic mice with new onset of diabetes. CD8 T-cell depletion did not reverse the hyperglycemia in these mice (Fig. 4B) . Interestingly, we noticed that there was an increase of CD8CD44 high effector memory T cells in the pancreatic lymph node in the double transgenic mice at the onset of diabetes (Fig. S7 ). Therefore, it is possible that CD8 T cells may be needed for the disease development before the diabetes onset and became dispensable after the diabetes onset. Macrophage depletion with clodronate liposomes resulted in a 50% reversal of the diabetes in treated mice. However, further analysis suggested that clodronate liposomes treatment not only depleted macrophages, but also significantly reduced the number of CD4 and CD8 cells. Therefore, it remains elusive whether macrophages were required for the disease development after the diabetes onset. CD4 T-cell depletion slowly reversed the hyperglycemia in all treated mice (Fig. 4A) . Persistent mononuclear cell infiltration in the islets was found in the mice depleted of CD4 T cells (Fig. S4) . The reversal of diabetes would suggest that those infiltrating cells were unable to mount further beta-cell destruction. These data suggested that CD4 T cells were very important for the disease development after diabetes onset. Interestingly, we noticed the double transgenic mice had lower CD4 cell percentages (and total cell numbers) both in the spleen and in the pancreatic lymph node (PLN) at the diabetes onset (Fig. S7) . This may be due to the increased B-cell number in circulation that dilute out CD4 cells as we noticed higher B-cell percentages (and total cell numbers) were observed both in the spleen and in the PLN in the mice (Fig. S7) . Furthermore, the CD4 cells from the double transgenic mice were more prone to Th1 priming in vitro (Fig. S8) . However, transfer of CD4 or total T cells into congenic wild-type or Rag1-deficient mice did not induce diabetes in the recipient mice. This suggested that CD4 (or T cells) alone may not be sufficient to induce diabetes. It will be interesting to investigate whether B cells and their antibodies are also required in diabetes development in the double transgenic mice because higher numbers of B cells were observed both in the spleen and in the pancreatic lymph nodes at the diabetes onset.
In summary, we demonstrated islet expression of both IL-15 and IL-15Rα in patients with T1D. Coexpression of IL-15 and IL-15Rα on beta islet cells induced insulin-dependent diabetes in mice. Inhibiting IL-15 signaling with TMβ1 or the Jak2/3 inhibitor tofacitinib completely reversed the diabetes in the mice. These preclinical data in combination with human data suggested that disordered IL-15 and IL-15Rα expression may be involved in the pathogenesis of type I diabetes in humans and that the IL-15/IL-15Ra pathway may be a rational therapeutic target for the prevention of the development of T1D.
Materials and Methods
Pancreatic Tissues and Sera. Pancreatic tissue samples from patients with T1D, autoantibody positive donors, and normal donors were obtained from the Network for Pancreatic Organ Donors (nPOD) (www.jdrfnpod.org). Islets from pancreatic tissues were microdissected on Arcturus PixCell IIe LCM instrument (Arcturus Engineering) using a series of cut slides that were stained with insulin as a reference. Sera from 20 patients with T1D were acquired from Promeddx, Inc. Sera from 29 normal donors were collected from the National Institutes of Health blood bank. Patient informed consent was obtained. The study was approved by the institutional review board of the National Cancer Institute (NCI), Bethesda, MD.
Mice. The transgenic mice were generated in NCI-Frederick (accredited by American Association for the Accreditation of Laboratory Animal Care International). C57BL/6, B6.Rag1 Assessment of Hyperglycemia and Diabetes. Blood glucose levels were measured using the test strips and the Contour monitoring system (Bayer). Mice were considered hyperglycemic when their blood glucose constantly rose above 300 mg/dL.
Antibody Treatment and Jak2/3 Inhibitor Tofacitinib Treatment. The double transgenic mice with blood glucose higher than 300 mg/dL in two consecutive weeks were treated with (i) i.p. 200 μg of TMβ1 twice per week; (ii) s.c. 4-wk pump infusion of Jak2/3 inhibitor tofacitinib (CP-690,550) 30 mg/kg per d; (iii) i.p. anti-CD4 (clone GK1.5) 200 μg on days 1, 2, and 3, then twice per week; (iv) i.p. anti-CD8 (clone 2.43) 200 μg on days 1, 2, and 3, then twice per week; (v) i.p. anti-asialo GM1 50 μL on days 1, 2, and 3, then twice per week; and (vi) i.p. clodronate liposome 100 μL every 2 d. TMβ-1, anti-CD4, and anti-CD8 monoclonal antibodies were obtained from Bio X Cell and were administered for 6 wk. Anti-asialo GM1 was obtained from Wako Pure Chemical Industries and was administered for 6 wk. Clodronate liposomes were obtained from www.clodronateliposomes.org and were administered for 2 wk.
Statistical Analyses. Statistical significance between two means was determined by unpaired t tests. Statistical significance was two-tailed and P < 0.05 was considered significant.
Histopathological Examination and Immunohistochemistry. Complete histopathology examinations were performed on mice with collections of all major organs. Tissues, including pancreas, were fixed in 10% buffered neutral formalin, paraffin embedded, and stained with hematoxylin and eosin (H&E). A portion of pancreas was embedded in optimal cutting temperature media and frozen for cryotomy. To detect transgene/s expression, pancreatic α/β/δ islet cells and infiltrating mononuclear cells, pancreatic tissues were stained with anti-IL-15, anti-IL-15Rα, anti-insulin, anti-glucagon, anti-somatostatin, anti-CD3, anti-B220, and anti-F4/80. Anti-CD4, anti-CD8, and anti-CD49b staining were done with frozen sections. Monoclonal anti-IL-15 (Abcam; ab55276) and anti-MxA antibody M143 were used for immunohistochemistry.
Mouse Islet Isolation, Flow Cytometry, and Islet Transplantation.
Mouse pancreatic islets were isolated using standard techniques involving pancreatic inflation with collagenase type V (Sigma) and digestion. Isolated pancreatic islets from 10 mice were pooled together. Pooled islets were dissociated into a single cell suspension by washing in 2 mM EDTA/PBS and then incubation with 0.025% trypsin in Ca 2+ -free PBS. Dissociated islet cells were washed and filtered with a 40-μm cell strainer and then blocked with anti-mouse CD16/32 (eBioscience) and control IgG mixture, and then stained with anti-IL-15Rα, anti-CD45, anti-CD80, anti-CD86, anti-ICAM-1, and anti-class I and anti-class II antibodies.
For transplantation, purified islets were hand-picked and pooled together. Approximately 1,500-2,000 islets were transplanted into the diabetic double transgenic mice under the kidney capsule following the methods described in ref. 1. Nanostring, Real-Time RT-PCR, and RT 2 Profiler PCR Array. IL-15 and IL-15Rα mRNA levels in microdissected islets were analyzed using NanoString Technologies.
For real-time RT-PCR analysis of IL-15 and IL-15Rα, total RNAs from different tissues were extracted using RNeasy mini plus kits (Qiagen). Reverse transcription reactions were carried out for each sample (250 ng) using the SuperScript First-Strand synthesis system (Invitrogen). The Taqman Universal PCR Master Mix, the mouse IL-15, IL-15Rα primer/probe, and the HPRT1 primer/probe sets were purchased from Applied Biosystems. The detection of mouse IL-15, IL-15Rα, and HPRT1 was performed using an ABI Prism 7500 sequence detection system (Applied Biosystems) according to manufacturer instructions. The copy numbers of IL-15 and IL-15Rα mRNA in the double transgenic mice were normalized to the copy numbers of the HPRT1 gene and were expressed as fold increase versus normalized copy numbers of IL-15 and IL-15Rα mRNA in age and sex matched wild-type C57BL/6 mice.
For RT 2 profiler PCR array, total RNA were obtained from isolated islets from 10 double transgenic mice (before the onset of diabetes) and 10 wild-type C57/BL6 mice using RNeasy mini plus kit (Qiagen). Three independent samples from each strain were collected. The RT 2 profiler PCR array for mouse inflammation and autoimmunity genes and data analysis were carried out by Invitrogen. 
